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ABSTRACT -

Lead and copper monolayers (produced by underpotential deposition) on silver(111) and
gold(111) surfaces, respectively, have been characterized by x-ray absorption
spectroscopy and x-ray diffraction. The experiments were performed in situ, with the
efectrode immersed in aqueous electrolyte, and at a controlled potential. A combination
of grazing incidence excitation and fluorescence detection (for x-ray absorption) provided
the required sensitivity and surface selectivity. The metal adlayers are fully reduced (zero
valent). Lead forms a well ordered two dimensional solid with a close packed hexagonal
structure. Its lattice is slightly compressed relative to bulk lead and is incommensurate
with the underlying silver lattice. The copper EXAT'S is consistent with a commensurate
overlayer with the copper atoms in the three fold sites. Oxygen atoms of the first layer
of water or adsorbed electrolyte lie at a well defincd distance from the metal adlayers.

1. INTRODUCTION

In discussions of dynamics one assumes, explicitly or implicitly, a specific underlying
geometric structure. For the solid:vacuum interface, this structural picture is based on
the results of fairly direct experiments, eg. RHHEED, LEED, electron microscopy, or
STM. For the metalelectrolyte interface, what is known is inferred (rom
thermodynamic, kinetic, and optical measurements coupled with theorctical treatments
based on highly idealized models which accurately describe only the diffuse double layer,
or space charge region, within 10-100 A of the electrode surface. While these
measurements are sensilive to structure, and provide a reasonable picture of the
interface, they cannot directly reveal structure at the atomic or molecular level.

In recent years there have been considerable advances in the development of new,
primarily spectroscopic, probes of the solid:liquid interface[1-9] These provide
information about the identity and quantity of interfacial species and possibly their
orientation, but do not Jirectly reveal the geometrical arrangement of molecules at the
interfacc.  Another approach has been to apply uitrahigh vacuum (UIIV) surface
spectroscopic techniques.[10, 11} As these rely primarily on particles as probes, they are
not effective in solution because the propagation distances are too short. For application,
they require transfer of the electrode from the clectrolytic medium into vacuum and
therefore present the serious question of whether the examined surface is really identical
to the surface in solution. Transfer from normal pressure (24 torr, the vapor pressure
of water at 25°C) to 10 torr represents a destabilization (AG) by approximately
16 Kcal.mol for any surface structure stabilized by water. Since the solvent (water) is
not a contaminant. but rather an essential component of the interface, onc really needs
to observe the structure in situ to have confidence in the results.

X-rays are the most promising probes to do this. X-rays with energies excceding
ahout 6 KeV do penetrate water and have wavelengths comparable to atomic spacings,
so they can provide direct geometrical information. This article reports the use of in situ
surface extended X-ray absorption fine structure (SEXAFS) and grazing incidence x-ray
scattering ((G1XS) to study metal adlayers under normal clectrochemical conditions, i.c.,
under liquid clectrolvte and at controlled potential.  Two systems wil! be discussed,
copper on Au(l11) and tead on Ag(lil).
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Both of the above combinations exhibit underpotential deposition (UPD).[12] That
is, the first layer of metal is deposited at potentials less negative than the formal
thermodynamic deposition potential. In this initial deposition, the coverage changes
from zero to saturation over a very narrow range and then remains constant until the
potential (or bulk dcposition is reached. The experiments described below were
performed at potentials in this region of constant coverage.

2. EXPERIMENTAL

As surface probes, X-rays have three major problems:

l.  The scattering and absorption cross sections are small. For example, absorption
by a monolayer of lead just above the L edge would result in a change in
transmittance of AT/T =5 x 105 .

2. They are not inherently surface selective, a consequence of their weak intcraction
with matter.

3. Scattering by "uninteresting” matter (which is present in much greater quantity than
the interesting stuff) generates a large background signal.

We have used a combination of techniques to overcome these problems (See Fig. 1):

1. The exciting x-rays strike the sample at a grazing angle so that they are totally
externally reflected. (At x-ray wavelengths, the refractive index of matter is less than
one.) This restricts the penetration of the x-rays (the evanescent wave) Lo less than
50 A

2. The surface layer differs in elemental composition from the substrate (hence, its
fluorescence line is at a different energy).

3. The x-ray flux is very high (synchrotron source).
4. The overlayers, electrolyte and window, are thin (< 50 ;m), minimizing scalter.
5. Tor SEXATFS, the x-ray absorption is mcasured by detecting the characleristic

fluorescence emitted by the excited atoms rather than by measuring a change in
transmittance.
6. For GIXS, the incident beam is highly collimated, | mrad (synchrotron source).

x-ray
fluorescence
detector
x-rays
5 Mytar film
‘ «—— electrolyte
«—— adsorbate
[ J 0000000
00000000
00000000000 <« clectrode
000000
008000 0O0OGOS

Figure 1. Schemalic of the in situ x-ray absorption experiment. The angle of incidence
is exapgerated. The scattering experiment is similar, except that the detector is moved.

Au(l11) or Ag(111) electrodes were epitaxially grown by evaporation in vacuum
onto a mica substrate held at elevated temperature.[13] This clecirode formed onc side
of a thin layer cell. The other side was a 6.35 yim thick mylar sheet. When the clectrode
assembly was lowered into the clectrolyte reservoir, the mylar film floated on the surface
exposing the metal film to the hulk solution. The metal adlayers were deposited in this
position. After deposition, electrolyte was withdrawn until just the bottom of the
elecirode was immersed. A thin layer of solution (estimated to be icss than S0 ym thick)
was held between the mylar film and the electrode surface by capillary action. In this
way, the thin layer remained in electrical (and physical) contact with the clectrolyte
rcservoir in which were situated the counter (Pt) and reference (Ag/AgCl, 3 M KCI)
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electrodes. Diffusion from the reservoir into the thin solution layer was very slow and
even permitted polarization of the electrode negalive of the formal deposition potentia!
without significant additional metal deposition. The coppe- monolayer was deposited
at +0.13 Virom § x 10° M CuSO, in 0.5 M sulfuric acid solution. The lead monolayer
was deposited at -0.53 V from 5 x 10 M lead acetate in a solution of 0.5 M sodium
acetate and 0.1 M acetic acid.

For both the SCXAFS and GIXS experiments, the x-ray beam was incident through
the mylar cover sheet at a grazing angle (< 0.5°). For EXAFS, the characteristic
fluorescence lines were isolated by absorpiion filters (Ni for Cu and Ge for Pb) and an
energy dispersive solid state detector (high purity Ge). The EXATS data were analyzed
in the standard way with interatomic distances being obtained by fitling the oscillatory
part of the EXAFS equation to the experimental fine structure with phase shifts derived
experimentally from model compounds.[14] Details of the cells and apparatus for both
types of measurement are published elsewhere.[lS, 16, 17]

3. RESULTS -

3a. Cuon Au(lll)

For these experiments, the gold clectrode was poised at at +0.13 V in the region of
saturated UPD coverage. From electrochemical and other measurements, the coverage
at this potential is approximately one copper atom per surface gold atom and there is
strongly suggestive evidence that the the copper layer is ordered and commensurate. To
date, however, this has not been directly verified.[12, 18] The x-ray abhsorption spectrum
of the copper adlayer was measured at the copper K-edge and is shown in Fig. 2. That
this spectrum originates from reduced copper on the clectrodc surface was demonstrated
by changing the potential to +0.5 V, where the UPD layer is oxidized to Cu?*, and
recording another spectrum. (The copper ions are trapped by the thin layer cell and,
hence, remain in the x-ray beam.) Before (solid) and aflter (dashed) spectra are shown
in the inset in Fig. 2. The spectrum of the oxidized material (dashed curve) differs

-
significanly from that of the UPD layer. First, the absorption edge is shifted about =
4 eV to higher energy, consistent with the increase in oxidation state, and suggesting that s
the UPD layer is fully reduced. Second, there is a strong resonance peak just above the o)
edge which is absent in the spectrum of the UPD layer. This ‘white line’ is characteristic -
of Cu(ll). Indeed the dashed spectrum is identical with that from an authentic copper 2
sulfate solution. 3
20000 ~
3
2 15000 +
v
c
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Figure 2. X-.ray absorption spectrum at the Cu K, edge for Cu on Au(111); clectrode
polential 0.13 V. Insert: Fdge region at 0.13 V (dashed) and 0.50 V (solid).

The fine structure extracted from the absorption spectrum (Fig. 2) is shown in
Tig. 3 along with the radial structure function (RSF) obtained by Tourier
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transformation. The dashed line in Fig. 3 is the filtered fine structure oblained by inverse
transformation of the RSF between | and 4 A.

U S T 'Y

3
T v 1 1T 177

EXAFS Fuanction

x !

Figure 3. Solid line: EXAFS function for Cu on Au(l11); Dashed line: Fourier filtered
EXAFS (between 1 and 4 A); Insert: Radial structure function (RSF) derived by Fourier
transformation of EXAFS between k=4 and 11 A"

Because the sample is a single crystal and the synchrotron x-ray beam is polarized,
one can obtain information on orientation well as distance.[19] This is because the
contribulion of a given absorber-scatterer atom pair to the total EXAFS intensity is
proportional to the square of the dot product of the x-ray beam electric field
(polarization) vector and the atom-atom vector, or

N

Nypy=3 E coszaj.

J=1

where N,y is the apparent number of atoms in the i coordination shell, 0, is the angle
between the vectors and the summation is over all the atoms j in the i"* coordination
shell. Hence, atom pairs whose connecting vectors are parallel to the electric field vector
(polarization direction) contribute significantly to the fine structure oscillations, whereas
atom pairs whose connecting vectors are perpendicular to the polarization direction do
not.

Accordingly, SEXATS spectra were obtained in two different configurations: 1) with
the x-ray beam polarized parallel {15] and 2) perpendicular [20] to the the plane of the
electrode. The results are summarized in Table I. (The curves in Fig. 2 and 3 are for
the parallel polarization.)

Table 1. Interatomic distances for Cu on Au(l11)

t —
Cu-Cu - 2.92+.03A
Au-Cu 2.5+.06A 2.58+.03A
Cu-0 2.05+.03A -

The spectra for the parallel polarization yicld (wo pcaks in the RSF corresponding
to copper-gold and copper-copper scattering. The copper-copper distance is identical
within experimental error to the gold-gold distance (2.89 A) in the (111) surface.
Furthermore, copper-copper scattering is ohserved oanly for parallel polarization
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indicating that all the copper atoms lie in the same plane. Copper-gold scattering is
observed in hoth polarizations. This means that the copper atoms do not occupy atop
sites. There is no evidence for more than one copper-gold distiance, indicating that the
copper atloms occupy a single symmetrical site. The amplitude of the copper-gold
scaltering is consistent with the three fold hollow as the adsorption site. Considered in
combination with the covcrage, these data indicate that the copper adlayer is
commensurate with the gold lattice and that the copper atoms occupy three fold hollows.

Surprisingly, the RSF from the SEXATS spectrum in perpendicular polarization has
a second peak at a shorter distance than copper-gold. Judging from the shape of the
amplitude function, it involves scattering from a light atom, presumably oxygen. If this
assignment is correct, and since copper oxide is not stable in acid, this oxygen must be
from interfacial water or adsorbed sulfate. lFurthermore, this scattering is observed only
in perpendicular polarization, so this atom sits directly above a copper atom. We believe
that the most likely candidate is adsorbed sulfate, and therefore propose that the focal
site geometry about a copper atom in the UPD layer on gold(l111) is as depicted in
Fig. 4.

g
‘Figure 4. Local site geometry around copper.

q//

3b. Pb on Ag(l11)

————

The lead layer was studied by both SEXAFS [16] and surface diffraction (17, 21] at
0.53 V which is in the region between underpotential and bulk deposition. The
coverage here, evaluated from the total charge transferred, is 1.6 x 10-% mol/cm?
(9-4 x 10'* atom cm?: close to that expected for a hexagonal close packed layer with
bulk lcad spacing. Reflectance {7] and ellipsometry [8] measurements support this
interpretation, hut there has been no direct structural determination. The X-ray
absorplion spectra were recorded at the Pb L;; edge with the x-ray beam polarized
perpendicular to the electrode surface. As above, comparison of the spectra hefore and
after oxidation of the adlayer demonstrated that the analyzed spectrum arose from a
reduced lcad layer on the silver surfacc. Analysis of the EXATS rcveals only one
distance and it is too short to be Ph-Ag. [Furthermore, the amplitude function is
compatihle only with scattering from a first row element. Given the composition of the
solution, the most likely candidate is oxygen, from either water or acetate. With this
assignment, a ’h-O distance of 2.3340.02 A is obtained. This is longer than in PbhO),
(2.16-2.22 A) or red PbO (2.30 A) and is consistent with coordination to lead in a more
reduced oxidation state.

An EXATS spectrum was also obtained at an clectrode potential of -1.0 V. Fven
though this is far negative of the reversiblc lead potential, the thinness of the cell limited
diffusion so that there was no appreciable further deposition of lead during the data
collection. The spectrum closely resembles that at -0.53 V. Analysis yiclds a single Ph-O
distance of 2.38+.02 A. No Ph-Ag scaltering was detected.  The Ph-O distance is
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005 A longer than at -0.53 V, and is consistent with repulsion of a charged or, at least,
strongly dipolar adsorbate by a more negatively charged electrode.

The apparent absence of Pb-Ag scattering requires comment. It is probably the
result of a large Dcbhye-Waller factor for lead and the incommensurate nature of the
adlayer. [.arge thermal motion is expected from lead’s low melting point (600 K). Also,
the meclting point of Pb monolayers on Cu single crystals is reported to be even lower
than the bulk value.[22] It is reasonable to expect Pb to exhibit similar behavior on Ag.
Support for this view comes from the observation that the x-ray abs.rption spectrum of
lead foil obtained during this study did not exhibit any fine structure. Furthermore, the
Pb adlayer is certainly not commensurate with the underlying Ag lattice because of the
large difference hetween the atomic radii of Pb and Ag (1.75 and 1.44 A, respectively).
The saturation coverage, given above, is consistent with a hexagonal close-packed
monolayer with the normal Pb-Pb spacing. The effects of thermal motion and an
incommensurate structure are similar and are not possible to distinguish from EXAFS
data alone.

In this EXATS experiment, the X-ray beam was polarized perpendicular to the
electrode surface so information could not be obtained on the Pb-Pb spacing which
would lie in the plane of the electrode and hence perpendicular to the F vector. This
in-plane structure was probed by x-ray diffraction.[17]

~

Figure §. Scattering gecometry: « is the incident angle, § the output angle, 0 the
scautering angle, and ¢ the azimuthal angle of the-sample.

Figure S illustrates the scattering geometry and defines the necessary angles. Figure
6 shows a radial (# - 20) <can for the (10) reflection. This peak was confirmed to result
from the lead monolayer hy observing its disappearance when the electrode was poised
at 0 V, at which potential, lead is oxidized to Pb?* and dissolves in the solution. The
relatively large background is due primarily to diffuse scattering from the thin layer of
solution covering the cfectrode. Identical diffraction peaks are observed at 60° intervals,
consistent with the six fold symmetry of a hexagonal layer. The (11) and (20) reflections
were also observed, each with the expected six fold symmetry. The in-plane nearest
ncighbor distance, calculated from the diffraction angle, is 3.459 A. This reprcsents a
1.2 contraction from the distance in bulk lead (3.501 A). From the full width haif
maximum (FWIIM) of the peak, 0.037 A", the lead domains are estimated to he
>150 A in diameter. This is comparable to that observed for a lead monolayer on
copper (110)in UHV [23]

Actually, there are two equivalent oricntations of the lcad adlayer on the silver
surface as can be seen from Fig. 7, which shows an extended rocking (¢) scan of the (10)
reflection. A straight line background has been subtracted from this data. The are two
peaks rotated +4.4°, respectively, from the Ag (211) direction, which is defined as
$ = 0. A similar pair of peaks rotated +4.4° from the corresponding silver direction
is observed for cach of the other reflections. The difference between the intensities of the
+4.4” and -4.4° are real. We do not know its origin, but presume that it is caused by
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Figure 7. Rocking scan of (10) reflection of Pb on Ag(111) at 26 = 29.688° and
a = 6 = 0.54°.

an anisolropic nucleation process. A similar difference was observed for O, and D, on
graphite using [LLED.[24])

Figure 8 illustrates the proposed structure of UPD 'ead on a silver (111) surface.
The lead overlayer is ordered and epitaxial, but incommensurate with the silver lattice,
and is rotated with respect to the silver lattice by 4.4°. This rotation angle is less than
the 6.5” predicted by the McTague and Novaco model[25] but is in close agreement with
that obscrved by Takayangi et a/[7] in their LEED study of vacuum deposited lead on
silver (L11).

4. DISCUSSION

SEXATS and GIXS are complementary techniques, one probing local geotnetry and
the other long range order. Together, they crcate a fairly detailed and unambiguous
picture of the structure of UPD Pb on Ag(l11). At full coverage, the Pb layer is
hexagonally close packed, incommensurate with the substrate, and compressed 1.2%
with respect o bulk metal. Acetate anions (probably) are adsorbed to the lcad layer
through oxygen atoms. X-ray scattering is not so casily applicd to Cu on Au(il1) since
the adlayer difTfraction peaks would coincide with those of the substrate and only small
intensity differcnces would differentiate the bare from the adsorbate covered surface.
Nevertheless, making use of the polarization dependence of the SEXAT'S spectrum
provides a quite detailed structural picture. An oxygen atom, probably from adsorhed
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Figure 8. Proposed structure of 'b monolayer. Open circles represent the substrate
silver atoms and shaded circles the overlying lead atoms.

sulfate, sits directly atop the Cu atom. The Cu atoms occupy three-fold hollow sites and
form a a (1 x 1) commensurate superlattice with the gold substrate. Although the
SEXAFS cannot provide direct proof of long range order, it is hard to envisage another
model which will fit all of the data, especially in light of the supporting evidence from the
ex situ RHEED data of Nakai et a/[18]

These two examples demonstrate that x-ray techniques can yield unambiguous
structural information from immersed surfaces and open up the realm of in situ
investigation of interfaces of electrochemical interest. They also show that well-ordered
surfaces do exist under solution, despite the high concentration of water molecules.
Furthermore, at least in these two specific cases, the adlayers have structures very similar
to those observed for the same pair of metals in vacuum.
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